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Float zone refining using simultaneous RF induction 
heating and electromagnetic levitation has proven to be the 
best technique for producing high purity silicon for the 
semiconductor industry. 
A study of the power requirements for floating molten 
zones, of load to source impedance matching, and of considera-
tions for RF heating coil design was conducted to determine 
possible methods of improving the technique. It is shown 
that the power requirements are within reason, that impedance 
matching can be improved by varying network parameters, and 
that certain vital items must be assured in the design of 
different RF heating coils. 
It is believ ed that some of this research is directly 
applicable to the extension of the float zone refining tech-
nique to larger diameter silicon rods. 
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Float zone refining of silicon using RF induction heating 
and simultaneous electromagnetic levitation has been used 
successfully for providing a highly pure, single crystal, 
dislocation free product for the semiconductor industry. This 
technique exhibits many qualities that make it the most advan-
tageous process presently known. Only in recent years, due 
to an increased demand for silicon ~ods of larger diameter, 
have difficulties arisen which require research into ways 
of improving the basic system. 
Chapter II of this thesis briefly covers the history of 
induction heating and float zone refining as they apply to 
silicon. References are made to many books and articles 
written on this technique, some of the problems that have 
occurred and methods of solving them. 
Chapter III describes the research conducted. A typical 
RF induction heating and float zone refining system consists 
of a RF generator, a matching network, and a heating coil-
silicon rod combination. A block diagram of this is shown in 
Figure 1. The power required to sustain a molten zone was 
determined in order to obtain an idea of the size of RF 
generator needed. A load line analysis was done on a typical 
power amplifier triode to determine the impedance to which 
the load must be matched to assure best power transfer. An 
electrical equivalent circuit was derived theoretically and 
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Figure 1. Block Diagram of a Float Zone Refiner. 
verified experimentally for the purpose of determining how 
all of the network parameters are related. This equivalent 
circuit was also used to obtain ideas for improving impedance 
matching and thus power transfer. Research on RF heating 
coils was conducted concurrent with the impedance matching 
investigations. It is evident that the melting of the silicon 
is largely dependent on the size and shape of the heating coil. 
In practice, usually two zone passes are made on a rod to ob-
tain the high purity, single crystal product. Most of the 
problems with melting occur on the first pass when the silicon 
rod usually has a very rough surface. Various heating coil 
designs were tested to try to improve this initial melting. 
Although this is the major concern, other items also had to 
be considered. The coil must provide the required coupling 
to the rod to assure complete melt through without major 
changes in zone length or zone traversal time. The molten 
• .. ~ ,.. .., 1 - ""t - • ,- - -·- -
s~~~con must be a~~owed to re~reeze ~n a graaua~ ana un~Iorm 
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manner such as to assure the production of a single crystal, 
dislocation free product. And, because of the necessary 
additional support of the molten zone by electromagnetic 
levitation, the shape of the magnetic field produced by the 
heating coil is realized to be important in any design of 
different coils. 
The experimental research was sponsored by a company 
that is a major supplier of float zone refined silicon to the 
semiconductor industry. Due to the proprietary nature of 
this research, many of the pertinent results cannot be de-
scribed in detail. 
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II. LITERATURE REVIEW 
A. ZONE MELTING 
First introduced by W. G. Pfann in 1952 [1], zone melting 
and the associated techniques of zone refining and zone lev-
eling [2], [3], [4] have become very important in many fields 
of science and engineering. 
The general term zone melting is self descriptive. A 
small molten zone or region is passed through a large charge 
of material, thus providing a means of controlling the distri-
bution of impurities in the material. This is in contrast 
with the process of normal freezing, whereby the impurity 
distribution is strictly controlled by the distribution co-
efficient of the impurity [1] , [4] . Zone leveling is the 
process of using a molten zone to uniformly distribute an 
impurity throughout a material. Zone refining is the process 
of purifying a material by using the molten zone to segregate 
impurities at one end of the charge where they can be dis-
carded. 
The most important application of zone refining has been 
to the solid state electronics industry, where semiconducting 
materials of very high purity are required [5], [6] . The 
remainder of this literature review will concentrate on the 
application of zone refining to the purification of silicon. 
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B. FLOAT ZONE REFINING 
A major problem developed when the zone refining process 
was used to purify silicon. Every crucible material known 
reacts with the molten silicon, resulting in undesired con-
tamination of the silicon. This problem was solved by P. H. 
Keck and M. J. E. Golay [7]. Their technique, involving a 
molten zone suspended vertically along an ingot of silicon, 
is known as float zone refining. The use of this process 
has had great significance on the semiconductor industry, by 
providing a means by which materials of very high purity can 
be obtained [8], [9]. 
The most commonly used method of attaining a molten zone 
is by RF induction heating. The silicon rod is placed inside 
a coil that induces eddy currents on the surface of the rod 
in the vicinity of the coil thus melting the rod in this 
region (8]. More detail on the RF induction heating tech-
nique is given in the next section of this review. Other 
methods that have been used with some success are electron 
bombardment [10] and a spinning arc [11] . 
Soon after the advent of the float zone refining tech-
nique, it was apparent that consideration had to be given to 
methods of supporting a molten zone in the vertical plane. 
For silicon rods up to 1 em in diameter, surface tension 
effects will support a molten zone [12], but as the demand for 
larger diameters grew, other more reliable methods of zone 
support were considered [13]. These included magnetostatic, 
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electromagnetic, and acoustic levitation. Of these possibil-
ities, electromagnetic levitation with simultaneous induction 
melting was the most promising. Much work has been done on 
the force requirements and stability criteria of a molten zone 
[5] 1 [8] 1 [12] 1 [13] • 
Investigations have also been made of the shapes of 
molten zones. Factors that contribute to the shape include 
the surface tension and density of molten silicon [12], [14] 
and the magnitude and shape of the magnetic field produced 
by the induction heating coil [8] . 
C. RF INDUCTION HEATING 
As previously mentioned, RF induction heating is the 
technique most often used in the float zone refining of 
silicon. There are many advantages to this technique that 
make it directly applicable to float zone refining. These 
include: no physical contact between load and heat source 
is required, very high temperatures can be achieved, heating 
generation can be restricted to desired areas on the load, 
and the magentic field required for zone levitation is avail-
able [15]. 
The theory of induction heating is easily understood 
[16] . When an electrically conductive material is placed ~n 
an alternating electric field, voltages are induced in the 
material. Provided certain relationships are satisfied, eddy 
currents are produced by these voltages and heating of the 
material results. The major relationship is the one between 
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the frequency of the magnetic field and the electrical prop-
erties of the material such that a suitable degree of skin 
effect is produced. Skin effect is the phenomenon by which 
most of the currents flowing in a material are at the surface 
[15] , [16] . The resistivity of the material is a controlling 
factor of the skin effect. In the float zone refining of 
silicon, this dependence of the heating on the resistivity 
of the material is of some concern. As silicon melts its 
resistivity decreases by a factor of 20 [17]. This fact 
causes the majority of the eddy currents to flow in the 
molten part thus creating some problems with the melting of 
the solid silicon [18]. 
The type of equipment needed is very important when 
considering the use of induction heating for the float zone 
refining of silicon. Obviously the power and frequency 
requirements of the overall process have to be considered. 
For the refining of silicon, frequencies in the range of 2-5 
MHz [19] are normally used. Several factors are important 
when power requirements are considered. The necessary power 
to maintain a molten zone, the efficiency of the system, and 
molten zone stability must all be considered when choosing 
a particular circuit arrangement. The relationship between 
load and source impedance controls the efficiency of power 
transfer with maximum transfer occurring when the load 
impedance equals the complex conjugate of the source imped-
ance. Under ideal conditions, when operating at resonance, 
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Lhc: .1-a.L.l.u u..c ~ua.a -c.u ::;ource ~rnpeaance snou.Ld. be unity L8J. 
But the power developed in the load is directly related to 
the resistance of the load and for silicon this changes 
rapidly when melting occurs. This fact is very important 
in the stability of the zone. To maintain a stable zone, 
the ratio of load to source impedance must be less than 
unity [8]. Trade off between these two conflicting require-
ments must be made to arrive at the optimum conditions. 
Several schemes have been used to achieve matching 
between the load and the power source [15]. Best results 
have been obtained by resonating the load and heating coil 
with parallel capacitance, thus allowing, with the proper 
choice of circuit elements, the large RF circulating currents 
that are necessary to melt and zone refine silicon. Quite 
often a current transformer is placed between the load and 
source to further increase the current and provide better 
load matching without resulting in excessive peak RF voltages 
[15] . The total topic of proper load matching is very 
important, but it should be remembered that for float zone 
refining of silicon proper matching cannot always be main-
tained due to the large change in the resistance of the 
silicon upon melting. 
The final topic covered in this review will be induction 
heating coil design and how these coils affect the overall 
success of the float zone refining of silicon. 
Due to the close proximity o f the heating coil to the 
silicon load, many of the final characteristics of the refined 
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silicon can be attributed to the size and shape of the heat-
ing coil. Much work has been done on the design of heating 
coils for use with cylindrical nonmagnetic loads, such as a 
typical silicon rod [20] ,[21]. Readily apparent requirements 
of a heating coil are close coupling to the load in order to 
provide complete melt through of the silicon without requiring 
excessive time or zone length, and the correct magnitude and 
direction of the magnetic field needed for zone levitation 
purposes. Another important consideration for heating coil 
design has become apparent in recent years. Many of the semi-
conductor devices on the market today require dislocation free 
silicon as well as silicon of high purity. The term disloca-
tions describe crystal imperfections caused by any of various 
reasons [22]. Of major concern here are those dislocations 
caused by thermal shock when the molten silicon is not allowed 
to recrystallize in a gradual and uniform manner. To avoid 
this type of thermal shock, known as meltback [18] , requires 
a heating coil of uniform design in order to provide a uniform 
heating pattern. Other considerations of RF heating coil 
design include methods of cooling the coil to prevent its 
melting and possible contamination of the molten silicon. 
10 
.L.L.L. 
A. POWER REQUIREMENTS OF MOLTEN ZONES 
The power required to sustain a molten region or zone 
in a silicon rod was determined using basic thermodynamic 
and heat transfer equations. Heat losses due to radiation, 
conduction, and convection were determined and the sum of 
these taken as the required power. Several assumptions 
were made to obtain the numerical answers. These included 
temperature independence of thermal conductivity and emissivity, 
a perfectly smooth silicon rod and molten zone, and a constant 
temperature over the molten region. The important result 
obtained from the determination is that, even considering 
only a 70% efficiency of RF power transfer from generator to 
silicon rod, ample power is available from a 40 KW rated 
source to float zone refine silicon rods up to three inches 
in diameter. The details of the required power for various 
rod diameters are presented in Appendix A, with the results 
shown in Table I. 
B. IMPEDANCE MATCHING 
The relationship between load impedance and source 
impedance is vitally important in the successful operation 
of float zone refining equipment. To achieve the maximum 
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TABLE I 
RF POWER REQUIRED TO MAINTAIN A GIVEN LENGTH MOLTEN ZONE IN 
VARIOUS DIAMETER RODS OF SILICON 60 CM LONG. 
!r=2.55 em r=3.23 em r=3.80 em ~=2. 2 em d=2.4 em d = 2 .4 em 
Radiation Loss 
--
Molten zone 1060 1470 1720 
Solid rod 4030 5140 6000 
Conduction Loss 
(Linear Temp. 
Var.) 1770 2830 3920 
(Exp. Temp. 
Var.) 640 1025 1425 
Convection Loss 
Molten zone 60 80 100 
Solid rod 650 830 980 
Total 
(Linear Temp . 
Var.) 7570 w 10350 w 12720 vl 
(Exp. Temp. 
Var.) 6440 w 8545 w 10225 w 
Estimated tolerance on the abov e value s: +1 0 %, - 20%. 
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power transfer requires the load impedance to be equal to the 
complex conjugate of the source impedance, but stability of 
the molten zone requires the ratio of impedances to be less 
than unity. This stability requirement arises from the fact 
that the power output from the generator is controlled in 
part by feedback from the load. A qualitative understanding 
of this feedback can be obtained in the following manner. 
For the situation studied, the input impedance is larger than 
the output impedance of the generator. This is shown else-
where in this paper. Figure 2 is a sketch of the power 
transferred to the load versus the ratio of load to source 
impedance. Figure 3 is a sketch of the input impedance of 
the matching network with silicon load versus the coefficient 
of coupling between the RF heating coil and the silicon rod. 
Note that the terms output and input are interchangeable with 
the terms load and source, respectively, because of the direct 
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Figure 3. Input Impedance of Transformer Coupled Matching 
Network and Load Versus the Coefficient of Coupling 
Between the Heating Coil and Silicon Rod . 
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l.. .11 h 2 L~ou~~o 1n a aecrease 1n r and consequently an in-p 
crease in transferred power. This increase in power will 
result in more molten silicon and a further increase in 
k 2 because of the dependence of k 2 on the resistivity of 
the load. Therefore the situation where the load imped-
ance is larger than the source impedance is inherently 
unstable and efforts have to be made to avoid this. On 
the other hand, if the load impedance is less than the 
source impedance the operation is seen to be stable. 
Research was conducted to determine the conditions for 
maximum power transfer, while maintaining stability. 
l. LOAD LINE ANALYSIS OF A RF POWER AMPLIFIER 
A load line analysis of a WL-6426 power amplifier 
triode was made to determine the impedance to which the 
load should be approximately matched. This type of power 
amplifier tube is presently being used by a leading manu-
facturer of float zone refined silicon. From this analysis, 
the RF plate resistance was found to be approximately 1.1 
Kn. This value of plate resistance, the frequency of opera-
tion, and the Q of the matching network dictate the optimum 
value of load resistance required to achieve maximum power 
transfer. Typical values of load resistance were found to 
be on the order of a few tenths of an ohm. Appendix B in-
eludes the details of this analysis for optimum conditions 
alona with tabulated results for other conditions. Table 
- - - J 
II gives an abbreviated summary of these results. 
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SUMMARY OF LOAD LINE ANALYSIS FOR SEVERAL OPERATING CONDITIONS 
Condition Optimum Transformer Coupled Direct Coupled 
Ebb 12 KV 8.6 KV 5.3 KV 
I ' ba 6.4 A 1.8 A 2.8 A 
r 1.09 K~ 3.09 K~ 1.065 K~ p 
R 0.263 ~ 0.121 ~ 0.0824 ~ 
2. ELECTRICAL EQUIVALENT CIRCUIT OF A TRANSFORMER 
COUPLED NETWORK AND LOAD 
The next area investigated was the determination of 
an electrical equivalent circuit for a transformer coupled 
matching network with a silicon load. Important information 
can be obtained from such an equivalent circuit. Foremost 
is the dependence of the input impedance of the matching 
network and silicon rod on the network components, frequency, 
and the coupling coefficients between the silicon rod and 
heating coil and between the secondary and primary windings 
of the RF current transformer. The final expression for 





(f c k~ k.£.) 1 2 
(1) 
16 
·vw· l.a.~.L ~ 1 
f frequency of operation, 
C RF parallel capacitance, 
k 1 coupling coefficient between secondary and primary 
windings of RF current transformer, and 
k 2 -- coupling coefficient between the silicon rod and 
RF heating coil. 
Before the conclusion is drawn that this expression 
completely describes the network dependence of the input 
impedance, it must be remembered that other factors enter 
into the total picture. The operating frequency and the 
parallel capacitance are inversely related. The coupling 
coefficient between the windings of the transformer is 
dependent on the self and mutual inductances of the windings. 
The coupling coefficient between the silicon rod and the 
heating coil is a function of the inductance of the heating 
coil, the inductance of the silicon rod, and their mutual 
inductance. The theoretical derivation and experimental 
verification of this electrical equivalent circuit is 
presented in Appendix C. Each step in the derivation was 
verified using measured and calculated data from an actual 
RF current transformer, heating coil, and silicon rod of 
known resistivity. This data is included in Appendix D. 
Use of this data results in a calculated value for the 
input impedance of approximately 2.3 K~, or about twice the 
optimum value. 
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ouc u L-l1t::::.L ~uect was ~nves-c1gated. to turther determine 
the desired relationship of the network parameters. The 
KVA transfer from the generator to the load is important 
because for low power factor loads, such as silicon, the 
KVA transfer has to be much larger than the actual power 
transfer. When using a RF current transformer an expression 
for KVA transfer in terms of the inductance of the secondary, 
the total equivalent load inductance, and the coupling co-
efficient between the windings of the current transformer 
is derived using the same method as in the derivation of 
the equivalent circuit, with the one exception of neglecting 
all resistances. This analysis is included as part of Appen-
dix C. A graph of KVA transfer versus the ratio of total 
equivalent load inductance to the secondary inductance of 
the transformer for various values of coupling coefficient 
is also given. The most important item resulting from this 
analysis is that to achieve maximum KVA transfer requires 
the ratio of total equivalent load inductance to secondary 
inductance to be less than unity. This idea was not pursued 
further because of lack of time, but it does give another 
fix on determining optimum values for the network components. 
3. WAYS OF IMPROVING THE IMPEDANCE MATCHING 
Even in this simplified form, some interesting and 
important points can be obtained from Equation (1). Some 
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improvement can be made in impedance matching by increasing 
the parallel capacitance; but since this will effect the 
frequency, changes in the network inductance will be neces-
sary. These changes will tend t o cancel the improvement 
gained. This leaves the possibility of changing the two 
coupling coefficients to bring about changes in the input 
impedance. Very little research was conducted on changing 
k 2 , because the only realizable way to do this is by changing 
the physical spacing between the rod and coil. This will 
result in a major change in the manner in which the melting 
and refining of the silicon occurs, especially in the sta-
bility of the molten zone. Because of this fact, varying 
k 2 was not believed to be the best way to affect the input 
impedance. More on this is given in the later section on 
RF heating coil research. 
The effects of changes or variations in k 1 were then 
pursued as the best way in which to improve the input 
impedance. Two possibilities were investigated: changing 
the physical size of the transformer windings while keeping 
the spacing between windings constant, and using a ferrite 
core instead of the present air core. Both of these methods 
will result in an increase in the amount of magnetic flux 
crossing the area that is mutual to the two windings. Since 
the coupling coefficient can be expressed as the ratio of 
mutual to total magnetic flux, each method will tend to in-
crease k 1 • 
The effect of an increase in k 1 is readily determined 
by calculating the input impedance for different values of 
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k 1 while maintaining the other variables constant. An in-
crease of 10% in the present value of k 1 results in a 21% 
decrease in the input impedance. Further calculations show 
that it would take an impractical value of k 1 in order to 
achieve optimum load matching by changes in k 1 alone. But 
variations in k 1 can be used to partially overcome the 
present impedance mismatch. 
4. DIRECT COUPLED METHOD OF IMPEDANCE MATCHING 
A matching network consisting of capacitance connected 
directly across the RF heating coil was tested in an attempt 
to improve impedance matching. Results of these tests show 
that higher RF currents can be produced with a better balance 
between input voltage and current than with the transformer 
system. But many problems remain that detract from this 
advantage. As expected, an increase in heating coil voltage 
was observed. This results in increased arcing problems and 
would have to be compensated for by a redesign of the coil. 
The network components operated at much higher temperatures, 
resulting in quite frequent and costly replacement. This 
could be corrected for by a better design of the matching 
network. But the biggest disadvantage of a direct coupled 
system is its lack of being variable to provide a good match 
to different loads. 
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C. RF HEATING COIL DESIGN CONSIDERATIONS 
Basic to the RF induction heating and float zone re-
fining of silicon is a coil that will provide the required 
power to the rod and for larger rods, additional support 
of the molten zone in the form of magnetic levitation. But 
just as important is the heating pattern produced by the 
coil. This pattern is a function of many things, including 
frequency, resistivity of the solid and molten silicon, the 
size and shape of the heating coil, and the spacing between 
the silicon rod and the coil. Except for the resistivity, 
all of these can be varied to affect the melting and refining 
of the rod. Certain items, essential to the production of 
single crystal and dislocation free silicon, must be main-
tained before any changes are attempted. The rod must melt 
completely through, the molten zone has to be kept to a 
length that will assure stable operation, the magnetic field 
must be of a particular magnitude and direction to provide 
zone levitation, and the molten silicon must refreeze in a 
gradual and uniform manner. 
These constraints restrict the design of different 
heating coils. To prevent the silicon rod from melting 
better on one side, requires the heating coil to be coaxial 
with the rod. The rod is usually rotated to help maintain 
even melting. To produce the necessary large currents in 
the silicon requires a small spacing between the heating 
coil and rod. Other factors such as arcing at high 
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temperatures and melting of the coil dictate a minimum 
spacing. Practically all the heating coils now in use are 
water cooled to prevent their melting and possible contamina-
tion of the molten silicon by particles outgassed from the 
coil. 
All of the experimental research conducted in this 
area centered on ways to improve the initial melting of the 
silicon. The major problem investigated was the tendency 
of the polycrystalline silicon rod, as it initially melts, 
to form unmolten "fingers" on the surface. These solid 
regions would cause arcing or, if they reached the freezing 
interface, would ruin the single crystal structure of the 
freezing silicon. Attempts were made at preventing this 
formation by constructing coils which would focus more heat 
to the upper portion of the molten zone. Methods of using 
a heat reflector are more promising than trying to induce 
larger currents in the rod. This is a result of the dif-
ferences in the resistivities of the solid and molten silicon, 
which cause most of the induced currents to be in the molten 
region. Also stability of the molten zone must be considered 
when using a heat reflector. If the zone is too long, spill-
out of the molten silicon can occur. 
No attempt was made to do a rigorous mathematical design 
of heating coils, because of the geometrical complexity. 
Accurate data on just how the electrical and physical proper-
ties of the heating coil and silicon rod interact to accomplish 
the melting, levitating, and refreezing of the silicon is not 
22 
known. Therefore, the design was done on an experimental 
basis, with each design evaluated in actual practice. 
Voltage, current, and frequency measurements were made to 
determine the impedance matching and power delivering 
capabilities of the coil. Visual inspection of the molten 
zone under operating conditions helped determine how each 
design affected the melting of the silicon. And finally, 
the finished silicon product was evaluated to determine the 
effects on the crystal structure. The most important item 
in this respect was the shape of the interface where the 
silicon refreezes. This interface is naturally concave be-
cause the outside of the rod will solidfy quicker than the 
center. But the degree of concavity is the predominate 
factor in obtaining a dislocation free silicon rod. If the 
slope of the interface is too steep, crystal slips and 
faults caused by thermal shock can occur. A close inspection 
of this interface is an important step in determining the 
performance of a heating coil. Severe problems occur in 
maintaining a suitable degree of concavity, without zone 
lengthening, as the rod diameter is increased. 
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IV. CONCLUSIONS 
This thesis has considered certain aspects of the total 
process of RF induction heating and float zone refining of 
silicon. Power requirements of molten zones, load to source 
impedance matching, and considerations for RF heating coil 
design have been investigated for the purpose of improving 
the overall technique. 
The power necessary to sustain a molten region in a 
silicon rod was determined. Heat losses by radiation, conduc-
tion, and convection have been calculated and the sum taken 
as the required power. For example: A molten zone, 3.8 ern 
in radius and 2.4 ern in height, requires about 12,700 watts 
to remain molten. Therefore, assuming an overall efficiency 
of RF power transfer from the generator to the silicon load 
of 70%, ample power is available from a 40 KW generator to 
float zone refine three inch rods. 
From a load line analysis of a RF power amplifier and 
an electrical equivalent circuit for a transformer coupled 
matching network, conditions for proper load to source 
impedance have been determined. For the case studied, the 
source impedance of a WL-6426 power amplifier was determined 
to be approximately 1.1 K~, when operating under optimum 
conditions. From measured data taken under actual operating 
conditions, the load impedance was determined to be about 
2.3 K~. This obvious mismatch affects both the power transfer 
to the load and, more importantly, the stability of the 
24 
molten zone. For a molten zone to be stable, the correct 
load to source impedance ratio was shown to be less than 
unity. 
An equation was derived that expresses the input 
impedance of the transformer coupled network as a function 
of the frequency, parallel capacitance, and the coefficients 
of coupling between the silicon load and heating coil and 
between the windings of the current transformer. Using this 
expression, possible methods of improving the impedance match 
are discussed, with the best method being that of increasing 
the coupling coefficient of the transformer. A 21% decrease 
in the input impedance can be achieved with a 10% increase 
of this coupling coefficient over the present calculated 
value. Also impedance matching can be improved by increasing 
the parallel RF capacitance. This will result in larger RF 
currents, as was shown by the direct coupled system, but 
exhibits the big disadvantage of increased heating coil 
voltages which can cause severe arcing problems. Also the 
effects of capacitance change on other network parameters 
is not fully understood. 
The final area investigated is RF heating coil design 
considerations. Because of its close proximity to the silicon 
rod, many of the final characteristics of the refined silicon 
can be attributed to the size and shape of the heating coil. 
Other than delivering the required p ower to melt the rod, a 
heating coil must provide for electromagnetic levitation of 
the molten zone and allow the molten silicon to refreeze in 
25 
a graduaL and uniiorm manner. While most of the experimental 
data on heating coils is proprietary 1 some important considera-
tions are apparent. Power transfer 1 zone length 1 and zone 
stability tend to restrict the number of turns and the induc-
tance of the coil. Practically all coils now in use are one 
or two turns with a total inductance of a few tenths of a 
microhenry. And for all coil configurations 1 complete melt 
through of the silicon must be assured. 
More experimental research needs to be done to gain 
further knowledge of the interaction of all float zone 
refining parameters. With the ever increasing demand for 
larger diameter silicon rods 1 a complete understanding of 
the overall technique is required. It is hoped that the 
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APPENDIX A 
ESTIMATION OF THE POWER REQUIRED TO MAINTAIN A MOLTEN ZONE 
IN A SILICON ROD 
Basic thermodynamic and heat transfer equations are used 
to determine radiation, conduction, and convection losses for 
a molten zone supported in a vertical silicon rod. The sum 
of these losses is taken as the required power to zone sustain 
a molten region in the rod. 














Figure 4 is a sketch of such a 
L 
Figure 4. Sketch of a Molten Zone in a Vertical Rod. 
where, 
L - rod length, em 
r - rod radius, ern 
TM - temperature o.f molten zone, °K 
TA - temperature of rod ends, °K 
Tgi - inlet gas temperature, °K 
T - outlet gas temperature, °K go 
V - inlet gas velocity, cm/s g 
p - density of gas heated, g/cm3 
m - mass of gas heated, g 
c - heat capacity of gas, J/oK 
A p cross-section area of inlet pipe, 
AR - cross-section area of silicon rod, 





z - position of molten zone along rod, em 
d - height of molten zone, em 
2 
k - thermal conductivity of silicon, W/cm-°K 
2 h - heat transfer coefficient, J/s-cm -°K 
Q - heat energy, J 
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e(T) = variation of emissivity of silicon with temperature 
T(z) - temperature variation along rod. 





= 5.7 JL f27T 
0 0 
., 0 
.... M \;:;;; 










k = L ln T , 
A 
T(z) lz=~ = TA. 






Neglect the term (TM) and assume e = 0.5. 
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(A-2) 
This value of e is probably high, but scant data is 
available. From tables, the range one for most metals is 
.12 - .57, at temperatures less than the melting point. 
Then radiative heat loss from the bulk of the rod is, 
Prad = (A-3) 
For radiative heat loss from the molten zone, no temperature 
variation is assumed. The expression becomes, 
Prad = (5.7xlo-l2) (.5) (TM)4 2rrrd. 
RATE OF HEAT CONDUCTION 





Assume average value for thermal conductivity, 
Then 
Pcond = 
k = .875 W/cm-°K. 






For exponential temperature variation, the same as used for 
the radiation loss, the expression becomes, 
T 
4 k AR TA ln (2!) TA 
p 
cond = L 
= L (A-7) 
RATE OF HEAT CONVECTION 
p 
conv = 
d 0 conv 
dt 
dm 
= dt C (T -T . ) go g1 
= p ApVg (T -T .) . go g1 
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(A-8) 
Since values of T . , T , and A were not known, the follow-g1 go p 
ing alternate expression for convection heat loss was used: 
(A-9) 
where TG is the temperature of the gas. Assume a typical 
value for the heat transfer coefficient, 
h = ( 2 Btu ) 
hr-ft2-°F 
1 hr 1.8°F 1 ft (1054.8 J/Btu) <3600s) ( oK ) (30.5 em) 







P conv = (l.l3xl0-3 ) (TM-400) (27Trd) 




= (1.13xl0- ) (27TrL) [ T 
ln M 
TA 
for the solid rod. 
SAMPLE ,CALCULATION 
Assume, 
L = 60 ern 
TM = 1800 OK 
TA = 300 OK 
r = 2.55 ern 
d = 2.2 ern. 
- 400] 
Radiation loss from the molten zone is: 
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p = (5.7xlo-12 ) (.5) (1.8xl0 3 ) 4 (6.28) (2.55) (2.2) 
rad 




nau~a~~un ~OSS Irom the SOild rod is: 
prad = (5.7xlO-l
2 ) (.5) (1.8xl0 3 ) 4 (30) (3.14) (2.55) 
1800 
ln ( 300) 
= 4030 w. 
Conduction loss £or a linear temperature variation is: 
p 
cond 
= (4) (. 875) (1800-300) (3.14) (2.55) 2 
60 
= 1770 w. 
Conduction loss £or an exponential temperature variation is: 
Pcond = 
( 4) ( • 8 7 5) ( 3. 14) ( 2 • 2 5) 2 ( 3 0 0) ln ( 18 0 0 ) 300 
60 
= 640 w. 
Convection loss £rom the molten zone is: 
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P = (1.13xl0- 3 ) (1800-400) (6.28) (2.55) (2.2) 
conv 
~ 60 w. 
Convection loss from the solid rod is: 
P = (l.l3xl0- 3 ) (6.28) (2.55) (60) ( 1800 - 400) 
conv ln 1800 
---wo 
= 650 w. 
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APPENDIX B 
LOAD LINE ANALYSIS OF A RF POWER AMPLIFIER TRIODE ASSUMING 
OPTIMUM CONDITIONS 
This analysis is used to determine the maximum efficiency 
and the RF plate resistance of a WL-6426 power amplifier triode 
by the method described for class C amplifiers on pages 4-32 
to 4-37 of the Electronic Designers' Handbook. The constant 
current characteristics and load line are included at the 
end of this appendix as Figure 5. Assume, 
P0 = 50 KW/tube 
then, by "rule of thumb", approximately one-third of this 
is dissipated in the tube. 
pbs ~ 16.67 KW/tube. 
Also assume maximum ratings on the tubes of 
and 
= 12 KV 
I' = 6. 4 amps. ba 
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Another "rule of thumb'' states that the maximum instantaneous 
plate current is: 
= 25.6 amps. 
Using this, point A on the characteristics is determined. 
Point A establishes the peak positive grid-to-cathode voltage. 
e ~ 850 volts. 
em 
Also from the curves, the grid bias that will cause plate 
current cutoffs at operating plate supply voltage is found 
Eco ~ -750 volts. 




jEcol + e cos ( __:£_) em 2 
8 
1 - cos<---}-) 
where 8p is the tube conduction angle. 
then 




Ecc ~ -1585 volt~. 
Thi~ determine~ point G on the curves and hence the load 
line. 
Points B, C, D, E, and F are found as follows: 
GB = 0.996 GA 
GC = 0. 866 GA 
GD = 0. 707 GA 
GE = 0.500 GA 
GF = 0 . 2 59 GA. 
After these points are determined, the associated control-
grid, and plate current values are established. 
Then the DC and first harmonic components of the plate 
current and the DC component of the control-grid current are 
found using Chaffee's harmonic analysis. 
For the plate, 
IDC = 0.0833 (0.5A + B + C + D + E +F) 
p 
= 0.0833 (12.8 + 25.4 + 21 + 8.5) 
= 0.0833 (67.7) 
= 5.64 amps (B-2) 
and 
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IH = 0.0833 (A+ 1.93 B + 1.73 C + 1.41 D + E + 0.52 F) 
1 
= 0.0833 (2.56 + 49 + 36.4 + 12) 
= 10.23 amps. (B-3) 
For the control grid, 
IDC = 0.0833 (0.5 A+ B + C + D + E +F) 
g 
= 0.0833 (3.8 + 7.2 + 1.2 + .OS) 
= 1.02 amps. (B-4) 
The maximum peak swing o£ the plate voltage is determined 
by: 
Plate resistance is, 
e 
em 
= 12 KV- .85 KV 
= 11.15 KV. (B-5) 
r p 
11.15 KV 
= 10. 23 amps 
= 1.09 Ks-2. 





= (12 KV) (5.64 amps) 
= 67.6 KW. 
(IH) (e ) 
1 pm 
= 2 
(10 .23 am12 s ) ( 11. 15 
= 2 
= 57 KW. 
The efficiency , n, is then, 
n = 











Assuming that tne system ~s upera.1:.~u~ a.L. ..L~:::;vua.u'-"' =••..:~. ,_..,. ~'"" ....... 
of C and f are: p 
Then 
C = 3000 pF p 
f = 3 MHZ. 
Q := rp w C 0 p 
3 6 -9 




= (1.09xl0 1 ~ 
(6.16xl0 ) 




RESULTS OF LOAD LINE ANALYSIS FOR CONDITIONS OTHER THAN OPTIMUM 
System Transformer Coupled Direct Coupled 
Ebb 8.6 KV 5.3 KV 
I' ba 1.8 A 2.8 A 
1 bm 7.2 A 11.2 A 
e 380 v 525 v 
em 
E -525 v -325 v 
co 
e 140Q 140Q p 
E -995 v -767 v 
cc 
IDC 1.415 A 2.48 A 
p 




0.3 A 0.52 A 
e 8.22 KV 4.775 KV pm 
r 3.09 K.\2 1.065 Kst p 
P. 12.16 KW 13.15 KW 
l.ll 
p 10.93 KW 10.70 KW 
0 
n 90% 81.4% 
cP 3000 pF 6000 pF 
f 2.823 MHZ 2.833 MHZ 
Q 159 114 










































Figure 5. Load Line for a WL-6426 Power Amplifier Triode 




DERIVATION OF THE ELECTRICAL EQUIVALENT CIRCUIT FOR A 
TRANSFORMER COUPLED MATCHING NETWORK WITH LOAD 
WORK COIL - SILICON ROD EQUIVALENT CIRCUIT 
Assuming that an RF work coil with a silicon rod in 
position can be modeled as a transformer with a shorted 
secondary, then the following analysis can be used to 
determine an equivalent circuit. Figure 6 is a sketch of 
the equivalent circuit. 
Figure 6. RF Heating Coil and Silicon Rod Equivalent Circuit. 
Where, 
Rc - resistance of work coil 
L - inductance of work coil 
c 
RSi - resistance of silicon 
LSi - inductance of silicon 
-
I - current ~n work co~~ 
c 
ISi - current induced in silicon 
M - mutual inductance between work coil and rod 
Vc - potential across the work coil. 











= (R +sL ) I -sMI8 . c c c ~ 
0 = (R8 .+sL8 .) I 8 .-sMI ~ ~ ~ c 
I = ( sM L ) I . 
Si RSi + s Si c 









or, by replacing s by jw (for steady state case), this becomes 
Z. = (R + ;~..n c 
where 
and 
+ jw (L -c (C-5) 
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L = L eq c 
For good conductors, 
and 
Using these, R and L can be written as: 
eq eq 
(C-6) 
L = L 
eq c (C-7) 
Calculation of R and L using data taken on the two-turn 
eq eq 






(3.55xl0 6 ) (6.28) (.346) 2 (2.37xl0- 7 ) 
= .0343 + 2 
= • 0343 + .318 
= .352 Q 
-7 (.346) 2 (2 . 37xl0- 7 ) 
= 2.37xl0 - 2 
= 2.37xl0- 7 - .144xl0- 7 
= .223 lJH. 
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Tnl.s va.Lue o:r H c.losely agrees with the measured value of 
eq 
.344 n found for the two turn series coil loaded with 0.01 
n-cm silicon. This verifies that measured values for such 
parameters as k 2 and Lc are accurate. 
IMPEDANCE TRANSFORMATION FRO~ SECONDARY TO PRIMARY 
The impedances are then reflected through the RF current 

















Equivalent Circuit of RF Current Transformer and 
Reflected Load. 
resistance of the primary 
inductance of the primary 
inductance of the secondary 
equivalent resistance of work coil - silicon combina-
tion plus resistance o~ secondary 
l.'nductance of work coil - silicon combina-L - equivalent 
eq 
._ ..! --
I - current in primary p 
I - current in secondary 
s 
50 
MP mutual inductance between primary and secondary 
V - potential across the primary. p 
The same analysis is used as before. Sum of the voltages 
around each loop is: 
V = (R +sL )I -sM Is p p p p p (C- 8) 
and 
0 = (R + sLs + sL )I - s~IP eq s (C-9) 
or 
sM 
I = (R + L ) I s sL + s eq p s 
Then, 
v (sM ) 2 
z. = _E = R + sL R + sL + sL l.n I p p p s eq 
( C-10) 




R p Total = 
L Total = L p p 
2 2 
w M R 
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These expressions can be simplified by using the following 
assumption and justifications. 
Assume, 




L :::: c 
s 2' 
L = L 
eq c 










.125 WL << 1.375 wL . 
c c 
A factor of 0.1 is taken as meaning << . This assumption then 
allows Rp Total and Lp Total to be written as: 




L = L - ( E ) . (C-13) p Total p L +L 
s eq 
Further simplification is obtained by substituting in: 
M2 2 
= klLpLs. p 
Then 
k~ L L R 




k 2L L 
L = L 1 E s p Total p L +L s eq 
(C-15) 
To obtain useful information from these equations, further 








__E+ L2 4 c 
L ::::; L 
eq c 
~ 0. 
k 21 L L R p c 
2 











By neglecting the term containing k~, 
Rp Total = 
2 k 2 L R 1 E 
In the same manner 
Lp Total 
k 2 L L 1 E c 
2 
= L - [--------------
p L k 2L 






= L p 
2 ],.1 I.. p 
( C-19) 
One further reduction is ~ade for Rp Total by substituting, 
2k2 
LcLSi R Rs + Rc + 
w 2 
(C-20) :;:: 2 Rsi 
Neglecting R and Rc and substituting, s 
R = 
Using this in the expression for Rp Total' it becomes 
Rp Total ( c- 21) 
CALCULATION OF Rp Total AND Lp Total USING DATA FROM TWO 
TURN SERIES COIL 
kl = • 6 7 
k2 = .346 
L = 2.9 l..IH 
p 
and f = 3 MHz. 
Rp Total 
and 
L p Total 
55 
= (.67) 2 (.346) 2 (6.28) (3xl0 6 ) (2.9xl0-6 ) 
3(3-2(.346) 2 ) 
= .354 r2 
-6 (.67) 2 (2.9xl0- 6 ) 
= 2. 9xl0 -
3 - (.346) 2 
= 2.46 11H. 
For a parallel resonant network, 
r = p 
LP Total 
C R p Total 
Assume C = 3000 pF, as it is for present system, 
r = p 
-6 (2. 46xl0 ) 
= 2.31 KS"l. 
56 
KVA TRANSFER FROM GENERATOR TO SILICON LOAD 
To obtain further restrictions on the relationships 
between various network components, the KVA transfer from 
generator to load was investigated. It is realized that 
this transfer has to be much larger than the actual power 
transfer due to the very small power factor of the silicon 
load. From Figure 7, the KVA input is: 
KVA. = V I l.n p P 
and the KVA output is: 
KVA = V I . 0 s s 















· (L +L ) 
· s eq 
57 
I • p 









Then, substituting Equations (C-26) and (C-27) into Equation 
(C-25), it becomes: 
v = p 
(sL ) (L +L ) V p s eq s 
sM L p eq 
sM V p s 
sL 
eq 
or, by rearranging terms, the following is obtained: 
= 
ML P eq 
L (L +L ) -p s eq 




Now Equations (C-29) and (C-30) are used to obtain the expres-
sions for the KVA transfer. 
First, the followi ng substitution is made: 
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then, 
k 2 L L 1 s eq 
(C-31) 
Useful information from this expression is obtained by re-
L 
writing it in terms of ki and ~q· The final expression is: 
s 
(C-32) L L 
(1 + ~) (~ + (1- k 2 )) L L 1 
s s 
L 
A graph of KVAt versus ~q for various values of k 1 is 
s 
given as Figure 8. Two points of interest can be obtained 
from this graph, in reference to achieving maximum KVA 
transfer. The value of k 1 should be as high as possible 
and the ratio of total equivalent load inductance to the 
secondary inductance should be less than unity. And since 
total load inductance is dependent on the heating coil 
inductance, KVA transfer puts a restriction on the coil 
inductance. 
More work needs to be done to determine how this 































0 .2 .4 
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.6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 
(Leq/Ls) 
Figure 8. KVA Transfer From Generator to Silicon Load Versus 
the Ratio of Total Load Inductance to Secondary 
Inductance for Various Values of Transformer 
Coupling Coefficient. 
APPENDIX D 
CALCULATION OF RF CURRENT TRANSFORMER AND HEATING COIL 
PARAMETERS FROM TEST DATA 
RF CURRENT TRANSFORMER 
60 
The transformer this data was taken on is a five turn 
primary, one turn secondary type presently being used in the 
induction heating and float zone refining of silicon. 
The measurements were taken using a RF vector impedance 
meter. For the data used to calculate the coupling coefficient, 
the transformer was resonated with some arbitrary capacitance. 
TABLE IV 
TEST DATA FOR A RF CURRENT TRANSFORMER 
Measurement !Frequency (MHz) 
z primary = 61 ~ Q 3.33 
z 
secondary =3.2 /82°S1 3.33 
Resonant frequency 
with secondary open 2.90 
Resonant frequency 
with secondary shortec 3.88 
CALCULATIONS FOR RF TRANSFORMER 




= (6. 28) (3. 33 MHZ) 
= 2.90 11H. 




3. 1 st· 








f - resonant frequency with secondary open, and 
o.s. 
f~ ~ - resonant frequency with secondary shorted. 
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us~ng measured data, 
k = /1 ~ (2 • 9 o)2 1 -/l 3. B8) 
= .670. 
RF HEATING COILS 
This data was taken by parallel resonating the work 
coil with an arb i trary capacitance and measuring the impedances 
and frequencies using an RF vector impedance meter. 
TABLE V. 
TEST DATA FOR RF HEATING COILS 
Impedance < n) Frequency (MHZ) Load 
Two turn series coil 
Z lP=4.2 ca /-83° 3.33 none 
z . 1 =5. 0 co~ /82° 3.33 none 
z. =700 
~n 
;oo 3.33 none 
z. =72 L..Q_O 3.55 0.01 n - em Si ~n 
z. 
~n 
=600 L..Qo 3.33 10.0 n - em Si 
Three turn series~parallel coil 
z '1=6.2 /82 ° 2.5 none co~ 




=36 L..Q_O 2.8 0.01 st - em Si 
The inductance of the coil is given by: 
4.9 n 
= (6.28) (3.33 MHZ) 
= 0.237 lJH. 
The parallel resonant resistance is: 
L 
= RC 




















MHZ 2 ) 
MHZ 








= 0.0400 s-2 (with 10.0 s-2-cm silicon). 
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From these, values for resistance of the load can be found: 
RO.Ols-2-cm = 0.344s-2 
and 
RlO.Os-2-cm = 0.0057s-2. 
The coupling coefficient, k 2 , between the silicon rod and 
the heating coil is approximated by the following: 
f 2 
_ ( no load) 
floaded 
(D-8) 
This is assuming that the equivalent resistance of the 
silicon has no effect on k 2 . More accurately, the resonant 
frequency of the coil with load is a function of the resistance 
and the inductance of the silicon rod. But, by assuming that 




= Q.352Q, and 
;::; 4.20f2 . 
A factor of 0.1 is taken as meaning << . 
This approximation allows a value of k 2 to be calculated 
as follows: 
::l k 2 ~ /l _ (3.33 MHz) 3.55 MHZ 
= 0.346. 
CALCULATIONS FOR THE THREE TURN SERIES-PARALLEL COIL 
The inductance of the coil is given by: 
L '1 co~ = 
6. H2 
( 6. 2 8) ( 2. 5 MHZ) 
= 0.388 lJH. 
The coil resistance is: 
( 6 .1st) 2 R = 320~ 
= 0.116~ (unloaded). 
R = 
(6.1~> 2 c;:~ !::> 2 
36S"2 
= 1.30S"2 (with O.Olst-cm silicon). 
The coupling coefficient, k 2 , is: 
= 0.447. 
23732:1 
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